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With a sample of 225.3 million J/ψ events taken with the BESIII detector, the decay J/ψ →
γ3(pi+pi−) is analyzed. A structure at 1.84 GeV/c2 is observed in the 3(pi+pi−) invariant mass
spectrum with a statistical significance of 7.6σ . The mass and width are measured to be M =
1842.2± 4.2+7.1
−2.6 MeV/c
2 and Γ = 83± 14± 11 MeV. The product branching fraction is determined
to be B(J/ψ → γX(1840))×B(X(1840) → 3(pi+pi−)) = (2.44±0.36+0.60
−0.74)×10
−5. No η′ signals are
observed in the 3(pi+pi−) invariant mass spectrum, and the upper limit of the branching fraction for
the decay η′ → 3(pi+pi−) is set to be 3.1× 10−5 at a 90% confidence level.
Within the framework of Quantum Chromodynamics97
(QCD), the existence of gluon self-coupling suggests that98
in addition to conventional meson and baryon states,99
there may exist bound states such as glueballs, hybrid100
states and multiquark states. Experimental searches for101
glueballs and hybrid states have been carried out for102
many years, and so far no conclusive evidence has been103
found. The establishment of new forms of hadronic mat-104
ter beyond simple quark-antiquark system remains one105
of the main interests in experimental particle physics.106
Decays of the J/ψ particle have always been regarded107
as an ideal environment in which to study light hadron108
spectroscopy and search for new hadrons. At BESII, im-109
portant advances in light hadron spectroscopy were made110
using studies of J/ψ radiative decays [1–3]. Of interest is111
the observation of the X(1835) state in J/ψ → γπ+π−η′112
decay, which was confirmed recently by BESIII [4] and113
CLEO-c [5]. Since the discovery of the X(1835), many114
possible interpretations have been proposed, such as a115
pp¯ bound state [6–9], a glueball [10, 11], or a radial116
excitation of the η′ meson [12, 13]. In the search for117
the X(1835) in other J/ψ hadronic decays, BESIII re-118
ported the first observation of the X(1870) in J/ψ →119
ωπ+π−η [14]. More recently, BESIII performed spin-120
parity analyses of threshold structures, the X(pp¯), ob-121
served in J/ψ → γpp¯ [15], and the X(1810), observed122
in J/ψ → γωφ [16]. The spin-parity of the X(pp¯) is123
found to be 0−+ and the X(1810) is confirmed to be a124
0++ state. To understand their nature, further study is125
strongly needed, in particular, in searching for new decay126
3modes.127
Since the X(1835) was confirmed to be a pseudoscalar128
particle [4] and it may have properties in common with129
the ηc. Six charged pions is a known decay mode of the130
ηc; therefore, J/ψ radiative decays to 3(π
+π−) may be a131
favorable channel to search for the X states in the 1.8 -132
1.9 GeV/c2 region.133
In this letter, we present results of a study of J/ψ →134
γ3(π+π−) decays using a sample of (225.3 ± 2.8) × 106135
J/ψ events [18] collected with the BESIII detector [19].136
A structure at 1.84 GeV/c2 (denoted as X(1840) in this137
letter), is clearly observed in the mass spectrum of six138
charged pions. Meanwhile in an attempt to search for139
η′ decaying into six charged pions, no η′ signals are ob-140
served. The upper limit on the decay branching fraction141
is set at a 90% confidence level.142
The BESIII detector is a magnetic spectrometer lo-143
cated at BEPCII [20], a double-ring e+e− collider with144
the design peak luminosity of 1033 cm−2s−1 at a cen-145
ter of mass energy of 3.773 GeV. The cylindrical core146
of the BESIII detector consists of a helium-based main147
drift chamber (MDC), a plastic scintillator time-of-flight148
system (TOF), and a CsI(Tl) electromagnetic calorim-149
eter (EMC), which are all enclosed in a superconduct-150
ing solenoidal magnet providing a 1.0 T magnetic field.151
The solenoid is supported by an octagonal flux-return152
yoke with resistive plate counter muon identifier mod-153
ules interleaved with steel. The acceptance of charged154
particles and photons is 93% over 4π solid angle, and155
the charged-particle momentum resolution at 1 GeV/c is156
0.5%. The EMC measures photon energies with the reso-157
lution of 2.5% (5%) at 1 GeV in the barrel (endcaps).158
Monte Carlo (MC) simulations are used to estimate159
the backgrounds and determine the detection efficiency.160
Simulated events are processed using geant4 [21, 22],161
where measured detector resolutions are incorporated.162
Charged tracks are reconstructed using hits in the163
MDC and are required to pass within ±10 cm from the164
interaction point in the beam direction and ±1 cm in165
the perpendicular plane to the beam. The polar angle166
of the charged tracks should be in the region | cos θ| <167
0.93. Photon candidates are selected from showers in the168
EMC with the energy deposit in the EMC barrel region169
(| cos θ| < 0.8) greater than 25 MeV and in the EMC170
endcap region (0.86 < | cos θ| < 0.92) greater than 50171
MeV. The photon candidates should be isolated from the172
charged tracks by an opening angle of 10◦.173
Candidate events are required to have six charged174
tracks with zero net charge and at least one photon. All175
the charged tracks are assumed to be pions. The candi-176
date events are required to successfully pass a primary177
vertex fit. A four-momentum constraint (4C) kinematic178
fit is performed to the J/ψ → γ3(π+π−) hypothesis, and179
the χ24C is required to be less than 30. If the number of180
photon candidates is more than one, the γ3(π+π−) com-181
bination with the minimum χ24C is selected. To suppress182
)2))   (GeV/c-pi+piM(3(
1 1.5 2 2.5 3
)2
EV
EN
TS
/(1
0 M
eV
/c
1
10
210
310
FIG. 1. Distribution of the invariant mass of 3(pi+pi−) from
J/ψ → γ3(pi+pi−) events. The dots with error bars are data;
the histogram is phase space events with an arbitrary normal-
ization.
background events with multi-photons in the final states,183
P 2tγ = 2|~Pmiss|
2(1 − cos θmiss) is required to be less than184
0.0004 GeV2/c2, where ~Pmiss is the missing momentum of185
the six charged tracks and θmiss is the angle between the186
missing momentum and the momentum of the radiative187
photon. To further reject backgrounds with additional188
photons in the final state, the χ24C of four-constraint kine-189
matic fit in the hypothesis of J/ψ → γ3(π+π−) is re-190
quired to be less than that of the γγ3(π+π−) hypothesis,191
and the γγ invariant mass in the γγ3(π+π−) hypothesis192
is required to be |M(γγ) −M(π0)| > 0.01 GeV/c2. To193
suppress background events with KS → π
+π− in the194
final state, KS candidates are reconstructed from sec-195
ondary vertex fits to all oppositely charged track pairs.196
The invariant mass M(π+π−) must be within the range197
|M(π+π−)−M(KS)| < 0.005 GeV/c
2, where theM(KS)198
is the nominal KS mass [17]. The number of KS candi-199
dates is required to be less than 2.200
Figure 1 shows the 3(π+π−) invariant mass spectrum201
for events that survive the above selection criteria, where202
a clear ηc peak is observed around 2.98 GeV/c
2, no evi-203
dent η′ signal is observed, and a distinct enhancement is204
seen around 1.84 GeV/c2. In Fig. 2, the M(3(π+π−))205
distribution is plotted in the range [1.55, 2.15] GeV/c2.206
To investigate possible backgrounds, we use a MC sam-207
ple of 225 million simulated J/ψ decays, in which the208
decays with known branching fractions [17] are generated209
by BesEvtGen [23] and unmeasured J/ψ decays by the210
Lundcharm model [24]. With the same selection criteria,211
we find no evident structure at 1.84 GeV/c2. The back-212
ground resulting from other, incorrectly reconstructed213
event topologies is mainly from J/ψ → π03(π+π−),214
which show no structure at 1.84 GeV/c2 in the 3(π+π−)215
mass spectrum. To estimate this contribution, we re-216
construct the J/ψ → π03(π+π−) decay from data and217
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FIG. 2. The fit of mass spectrum of 3(pi+pi−). The dots with
error bars are data; the solid line is the fit result. The dashed
line represents all the backgrounds, including the background
events from J/ψ → pi03(pi+pi−) (dash-dotted line, fixed in
the fit) and a third-order polynomial representing other back-
grounds.
then re-weight the 3(π+π−) invariant mass spectrum by218
a multiplicative weighting factor ε1/ε2, where ε1 and ε2219
are the efficiencies for J/ψ → π03(π+π−) MC events220
to pass J/ψ → γ3(π+π−) and J/ψ → π03(π+π−) se-221
lection criteria, respectively. The selection criteria for222
J/ψ → π03(π+π−) are similar to those applied to J/ψ →223
γ3(π+π−) except for the requirement of an additional224
photon. The background analysis shows that the struc-225
ture at 1.84 GeV/c2 in the 3(π+π−) mass spectrum does226
not come from background events.227
To extract the number of signal events associated with228
the peaking structure, an unbinned maximum likelihood229
fit is applied to the six pion mass spectrum. The fit in-230
cludes three components: a signal shape, shapes for the231
J/ψ → π03(π+π−) background and other backgrounds,232
which have the same final states, but not contribute to233
the structure around 1.84 GeV/c2. The signal shape is234
described with a Breit-Wigner function modified by the235
effects of the phase space factor and the detection effi-236
ciency, which is determined by a phase-space MC simu-237
lation of J/ψ → γ3(π+π−). The Breit-Wigner function238
is convolved with a Gaussian function to account for the239
detector resolution (5.1 MeV/c2, determined from MC240
simulation). For the background shape, the contribution241
from the J/ψ → π03(π+π−) background, which is fixed242
in the fit and shown by the dash-dotted line in Fig. 2, is243
represented by the re-weighted 3(π+π−) invariant mass244
spectrum, while other contributions are represented by a245
third-order polynomial. The total background is shown246
as the dashed line in Fig. 2.247
The fit yields 632±93 events in the peak at 1842.2±4.2248
MeV/c2 and a width of Γ=83±14 MeV. The statistical249
significance of the signal is determined from the change250
in log likelihood and the change of number of degrees251
of freedom (d.o.f) in the fit with and without the struc-252
tureX(1840). Different possibilities have been studied by253
varying the fit range and the background shapes and by254
removing the phase space factor. Among all possibilities255
the smallest statistical significance was 7.6σ correspond-256
ing to −2∆lnL=67 and ∆d.o.f=3. With the detection ef-257
ficiency, (11.5±0.1)%, obtained from the phase space MC258
simulation, the product branching fraction is measured259
to be B(J/ψ → γX(1840))×B(X(1840)→ 3(π+π−)) =260
(2.44± 0.36)× 10−5, where the error is statistical only.261
No η′ events are observed in the 3(π+π−) mass spec-262
trum. The upper limit at the 90% confidence level is263
2.44 events with the confidence intervals suggested in264
Ref. [25]. The detection efficiency in the mass region265
[0.928, 0.988] GeV/c2 is determined to be (7.8 ± 0.1)%266
from the MC simulation. Since only the statistical error267
is considered when we obtain the 90% upper limit of268
the number of events, the upper limit of the number of269
events is shifted up by one sigma of the total system-270
atic uncertainty shown below in Table I. With the num-271
ber of J/ψ events and the measured B(J/ψ → γη′) =272
(5.16±0.15)×10−3 [17], the upper limit of the branching273
fraction is obtained to be B(η′ → 3(π+π−)) < 3.1×10−5.274
Sources of systematic errors and their corresponding275
contributions to the measurement of the branching frac-276
tions are summarized in Table I. The uncertainties in277
tracking and photon detection have been studied [26]278
and the difference between data and MC is about 2%279
per charged track and 1% per photon, which is taken as280
the systematic error. Uncertainty associated with the 4C281
kinematic fit comes from the inconsistency between data282
and MC simulation of the fit; this difference is reduced by283
correcting the track helix parameters of MC simulation,284
as described in detail in Ref. [27]. In this analysis, we285
take the efficiency with correction as the nominal value,286
and take the difference between the efficiencies with and287
without correction as the systematic uncertainty from288
the kinematic fit. The background uncertainty is deter-289
mined by changing the background functions and the fit290
range. The uncertainties from the mass spectrum fit in-291
clude contributions from the variation of the phase space292
factor and the possible impact of other resonances (eg.293
f2(2010)). The systematic error for the P
2
tγ selection cri-294
terion is estimated with the sample of J/ψ → π03(π+π−)295
by comparing the efficiency of this requirement between296
MC and data. For the detection efficiency uncertainty297
due to the unknown spin-parity of the structure, we use298
the difference between phase space and a pseudoscalar299
meson hypothesis. The uncertainties from MC statistics,300
the branching fraction of J/ψ → γη′ [17] and the flux301
of J/ψ events [18] are also considered. We assume all of302
these sources are independent, and take the total system-303
atic error to be their sum in quadrature.304
The systematic uncertainties on mass and width are305
5estimated from the mass scale, background shape, fit-306
ting range, mass spectrum fit, and possible biases due to307
the fitting procedure. The uncertainty from the detector308
resolution is checked by using a double Gaussian func-309
tion as the resolution function, and the change is found310
to be negligible. The uncertainty from the mass scale311
is estimated by fitting the ηc resonance in M(3(π
+π−))312
spectrum. Uncertainties from the background shape and313
fitting range are estimated by varying the functional form314
used to represent the background and the fitting range.315
Uncertainties from mass spectrum fit include contribu-316
tions from the variation of the phase space factor and317
the possible impact of other resonances (eg. f2(2010)).318
Possible biases due to the fitting procedure are estimated319
from differences between the input and output of the320
mass and width values from MC studies. Adding these321
sources in quadrature, the total systematic error on the322
mass is +7.1
−2.6 MeV/c
2 and on the width is ±11 MeV.323
TABLE I. Summary of the systematic uncertainties in the
branching fractions (in unit of %).
Sources X(1840) η′
MDC tracking 12 12
Photon detection 1 1
P 2tγ cut 2.0 2.0
Kinematic fit 4.3 5.1
Background uncertainty 17.1 -
Mass spectrum fit +10.3
−20.3 -
Detection efficiency 6.1 -
MC statistics 0.9 1.3
B(J/ψ → γη′) - 2.9
Number of J/ψ events 1.2 1.2
Total +24.6
−30.2 13.7
In summary, we studied the decay J/ψ → γ3(π+π−)324
with a 225.3 million J/ψ event sample [18] accumu-325
lated at the BESIII detector. A structure at 1.84326
GeV/c2 is observed in the 3(π+π−) mass spectrum with327
a statistical significance of 7.6σ. Fitting the structure328
X(1840) with a modified Breit-Wigner function yields329
M = 1842.2 ± 4.2+7.1
−2.6 MeV/c
2 and Γ = 83 ± 14 ± 11330
MeV. The product branching fraction is determined to331
be B(J/ψ → γX(1840)) × B(X(1840) → 3(π+π−)) =332
(2.44± 0.36+0.60
−0.74)× 10
−5. The comparison to the BESIII333
results of the masses and widths of the X(1835) [4],334
X(pp¯) [15], X(1870) [14], and X(1810) [16] are displayed335
in Fig. 3, where the mass of X(1840) is in agreement with336
those of X(1835) and X(pp¯), while its width is signifi-337
cantly different from either of them. However, we do not338
include the BESII result in Fig. 3 as a more precise study339
of the X(1835) in BESIII [4] indicates that one must340
consider the presence of additional resonances above 2341
GeV/c2 that were not apparent in the BESII analysis342
to obtain an accurate determination of the width of the343
X(1835). Therefore, based on these data, one cannot344
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FIG. 3. Comparisons of observations at BESIII. The error
bars include statistical, systematic, and, where applicable,
model uncertainties.
determine whether X(1840) is a new state or the signal345
of a 3(π+π−) decay mode of an existing state. Further346
study, including an amplitude analysis to determine the347
spin and parity of the X(1840), is needed to establish348
the relationship between different experimental observa-349
tions in this mass region and determine the nature of the350
underlying resonance or resonances.351
A search for η′ → 3(π+π−) is also performed, but no352
η′ signal is observed. The upper limit on the branch-353
ing fraction for the decay at the 90% confidence level is354
B(η′ → 3(π+π−)) < 3.1 × 10−5, which is improved by355
one order of magnitude compared to the previous meas-356
urement [28].357
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